This study provides a route to prepare 4-arm star poly(methyl methacrylate) (4sPMMA)/PMMA grafted SiO 2 (PMMA-g-SiO 2 ) hybrid nanocomposites that can be used as 3D printing material and filler for dental materials. First, 4sPMMA was synthesized via atom transfer radical polymerization with low metal catalyst concentration. Modified colloidal silica nanoparticles (MCSPs) were synthesized by grafting 3-methoxypropyl trimethoxysilane (MPS) onto the surface of colloidal silica nanoparticles (CSPs) and then dispersed in the solution of methyl methacrylate monomer in dioxane. The mixture of 4sPMMA and MCSPs solutions was degassed and replaced in an oil bath at 70-75°C; the reaction was continued with α,α′-azobis(isobutyronitrile) as an initiator for 24 h to form 4sPMMA/PMMA-g-SiO 2 hybrid nanocomposites. Viscosity measurement showed that viscosity of the hybrid was increased with increasing MPS loading used in modification of CSPs, which verified that PMMA had been grafted onto MCSPs. Fourier transform infrared spectra of the hybrid nanocomposites demonstrated the strong molecular interaction between MCSPs and polymer matrix, and 1 H NMR spectra confirmed the formation of PMMA-g-SiO 2 . Field emission scanning electron microscopy and transmission electron microscopy images revealed that MCSPs were well dispersed in polymer matrix with the size of about 20-30 nm. Thermal stability of the hybrid nanocomposites was improved compared with PMMA made from free radical polymerization.
Introduction
Poly(methyl methacrylate) (PMMA) is widely used in various applications such as optical, biomedical, denture and prosthetic materials due to its many advantageous properties [1] [2] [3] . However, for every certain application, PMMA has some drawbacks such as poor toughness, low thermal stability, lack of bioactivity and high polymerization shrinkage [3, 4] . There are now numerous studies that focused on the use of nanofillers to overcome these drawbacks of PMMA [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Some studies have shown that high nanofiller content can lead to intensive agglomeration and subsequently decrease some mechanical properties of PMMA [13, 14] . In order to get enhanced interaction between PMMA matrix and the nanofillers, much attention has been paid to the chemical modification of nanofillers either with trialkoxysilane coupling agents or by grafting polymer chains to the surface of nanofillers [8] [9] [10] [11] . Among the various nanofillers, silica nanoparticles (SNPs) have been used more often to enhance the physical, mechanical and thermal stabilities of PMMA because of their attractive features such as low toxicity, large specific surface area, high mechanical properties and easy functionalization [15, 16] . SNPs are also known to improve bioactivity and biocompatibility of PMMA applied in denture and prosthetic materials [17] [18] [19] [20] . In the studies mentioned above, SNPs in powder forms are the most frequently used; this might be because of easy functionalization and simple purification process. It is well known that SNPs are prone to agglomeration that is irreversible; redispersion is difficult to achieve the primary nanoscale of SNPs [21] . However, conventional nanoscale dispersion (below 100 nm) of SNPs in polymer matrix with lower agglomeration can be also obtained [14, 18] .
Recently, colloidal silica nanoparticles (CSPs) have attracted great attention because of their wide range of applications [22] . The most facile method to produce CSPs is Stöber method, which allows controlled synthesis of spherical, monodispersed nanosilica [15, 22, 23] . When modified by silane coupling agents, CSPs can be easily stabilized in organic solvents or monomers to prevent agglomeration. For this reason, many synthetic approaches have used unmodified or modified CSPs for preparing polymer/silica hybrid nanocomposites, as well as PMMA hybrid composites in particular [5] [6] [7] [24] [25] [26] [27] [28] [29] [30] [31] . Among these approaches, free-radical in situ polymerization exhibits some advantages, including easy handling, relatively quick process and ability to obtain high performance products [6] .
Therefore, in this study, CSPs were synthesized via Stöber method, and the modification process was carried out in the same solution by adding 3-(methacryloxy)propyltrimethoxysilane (MPS). In order to maintain nano size distribution of CSPs, solvent exchange and dialysis processes were applied in the purification. After methyl methacrylate (MMA) was added to unmodified or modified colloidal silica solutions, the in situ reaction of PMMA hybrid was performed in the presence of 4-arm-star PMMA prepolymer(4sPMMA) which had been prepared by atom transfer radical polymerization (ATRP). ATRP was performed with low concentration of catalysts, the removal of which can be done by using a silica gel chromatography column. Experiments were carried out in a green manner in the Advanced Nano Material Laboratory, Department of Polymer Science and Engineering at the Pusan National University, Korea. The Lab was equipped with standard instruments for minimum waste to air and water source. All organic and inorganic wastes after experiments were collected, classified, reused as much as possible and finally treated in standard routes according to Korean waste management law.
Fourier transform infrared (FTIR), proton nuclear magnetic resonance ( 1 H NMR), thermal gravimetric analysis (TGA), scanning/transmission electron microscopies (SEM/TEM) and viscosity measurement were employed to characterize the hybrid nanocomposites, and the results are discussed.
Materials and methods

Materials
MMA (99%, Sigma-Aldrich, Milwaukee, USA) and 3-methacryloxy-propyltrimethoxy-silane (MPS, 98%, Tokyo Kasei, Kogyo Co., Tokyo, Japan) were passed through a column filled with basic alumina to remove the inhibitor. Dioxane (1,4-dioxane, 99%, Junsei Chemical, Tokyo, Japan) was distilled with calcium hydride and then stored with drying agent in a bottle. Methanol (MeOH, 99.9%, Carlo Erba Reactifs, Val de Reuil, France), tetraethyl orthosilicate (TEOS, 95%, Kasei), ammonia solution (28%, Junsei), diethyl ether (99%, Dae-Jung, Shiheung, South Korea) and α,α′-azobis(isobutyronitrile) (AIBN, 98%, Junsei) were used as received without further purification. Pentaerythritol (99%), 2-bromoisobutyryl bromide (99%), triethylamine (99%, Junsei), chloroform, CuBr 2 , Tris[2-(dimethylamino)-ethyl] amine (Me 6 TREN, 99%), tin(II) 2-ethylhexanoate (Sn(EH) 2 , 95%), anhydrous tetrahydrofuran (>99.8%) and other compounds were purchased from Sigma-Aldrich (USA) or Dae-Jung company (Korea) and used without further purification.
General synthesis procedures
2.2.1 Synthesis of colloidal silica nanoparticles: TEOS (40 g, 0.182 mol) and methanol (75 g) were placed in a three-neck flask equipped with magnetic bar. The flask was placed in an oil bath over a magnetic stirrer with controlled temperature of 50 ± 2°C. Water (12.6 g) and 0.83 g of ammonia solution (28%) were then added to the mixture, and the reaction was allowed to continue for 24 h. Colloidal silica solution was obtained and stored in a bottle at room temperature. Dynamic light scattering analysis showed average particle size of 30 nm with narrow distribution.
Modification of colloidal silica:
Two grams of CSPs (in about 20 g of colloidal solution) was dispersed in 20 ml dioxane in a twonecked flask equipped with magnetic bar. Some amount of MPS was dissolved in 2 ml MeOH in a vial, and the mixture was injected slowly into the two-necked flask. The reaction was allowed for 24 h at room temperature. Ammonia, methanol and ethanol were removed by using rotary evaporator; dioxane was added to obtain a total of 20 g of final solution. Unreacted MPS or hydrolyzed MPS was removed by using dialysis membrane with 14,000 Da cut-off molecular weight against dioxane solvent for 48 h with periodic bath changes. When colloidal silica was modified with different MPS contents of 0.3, 0.45, 0.6, 1 and 1.5 g per 1 g of SiO 2 , the modified colloidal silica samples were coded as MCSP1, MCSP2, MCSP3, MCSP4 and MCSP5, respectively. Dynamic light scattering analysis showed average particle size of approximately 30 nm with narrow distribution. Unmodified colloidal silica sample was coded as CSP0.
Synthesis of pentaerythritoltetrakis[2-bromoisobutyrate] (4PT-Br):
To a 500 ml round-bottom flask, pentaerythritol (15 g, 11.0 mmol), triethylamine (100 ml, 82.0 mmol) and chloroform (100 ml) were added and stirred for 15 min. The flask was continuously purged with nitrogen gas and cooled down to 0°C. Then, 2-bromoisobutyryl bromide (10 ml, 0.12 mmol) was slowly injected via a purged syringe for 60 min. The solution was stirred and allowed to react for 24 h at room temperature. After the reaction was completed, the solution of the product was washed with aqueous 5% NaOH solution, 1% HCl solution and deionized water, followed by extraction with ethyl acetate. The organic layer was collected and dried with MgSO 4 . After filtration and evaporation of the solvent, the product of pentaerythritoltetrakis (2-bromoisobutylrate) was obtained from recrystallization in ethyl ether as white powder, which was then dried in a vacuum oven. 1 2 (152 μmol) and 4PT-Br (434.3 mg, 593 μmol) were placed in a 250 ml Schlenk flask with magnetic stir bar. The flask was degassed by three freeze-pump-thaw cycles, stirred to get a uniform dispersion, backfilled with N 2 and sealed. The flask was immerged in oil bath with magnetic stirring at 70°C. ATRP was terminated after 24 h by opening the flask and exposing the catalyst to air. The mixture was diluted with dioxane and passed through a column filled with a neutral silica gel layer to remove the copper complex. The polymer was recovered by precipitation from methanol. The polymer product was dried under vacuum to a constant weight and its molecular weight was analyzed by gel permeation chromatography.
Synthesis of 4sPMMA/PMMA-g-SiO 2 hybrid nanocomposites:
In a 100 ml flask, 3.9 g of modified colloidal silica solutions containing 0.39 g modified silica (MCSP1, 2, 3, 4, 5) were mixed with MMA (0.91 g) and AIBN (0.15 wt.% compared with MMA weight). In another 50 ml flask with magnetic bar, 3.03 g of 4sPMMA (Mn ~ 30k) was dissolved completely in 20 ml dioxane for 1 h at 50°C and cooled to room temperature for 2 h. These two solutions were mixed together, degassed 3 times, purged with N 2 gas and placed in a preheated oil bath at 70°C for 24 h. The hybrid nanocomposites solutions were precipitated in methanol, collected and washed three times with methanol and dried at 50°C in a vacuum oven for 48 h. By using CSP0 and different MCSPs, the different hybrid nanocomposites were obtained and coded as HybM0, HybM1, HybM2, HybM3, HybM4 and HybM5.
Characterizations
FTIR spectra of samples were recorded on an Agilent Technologies Cary 600 series FTIR spectrometer at room temperature, in the range of 4000-400 cm −1 with a resolution of 4 cm −1 and average of 32 scans, using KBr pellet method. Before FTIR sampling, the colloidal silica or modified colloidal silica solutions were dried to obtain powder samples; these samples were washed two times with methanol and diethyl ether and then dried again in order to ensure the complete removal of unreacted MPS. TGA was performed at heating rate of 10°C/min, from 30 to 800°C with nitrogen gas flow of 40 ml/min by using TGA Q50 V20.13 Build-39 instrument. Viscosity of hybrid nanocompositess solutions before and after reaction was measured by using a Brookfield instrument with rotor speed of 100 rpm at controlled temperature of 23°C. The 1 H NMR spectra of samples were recorded on an FT-500 MHz Unity-Inova 500 spectrophotometer. The morphology of the hybrid nanocomposites films were investigated by field emission scanning electron microscopy (FESEM, Zeiss Supra 25) and TEM (Hitachi H7600). All characterizations mentioned above were carried out at Pusan National University, Korea.
Results and discussion
3.1 FTIR spectra of 4sPMMA/PMMA-g-SiO 2 hybrid nanocomposites FTIR spectra of CSP0, MCSP3, 4sPMMA, HybM0 and HybM3 samples are presented in Figure 1 . There are absorption peaks at 1098 and 465 cm −1 in the spectra of MCSP3 ( Figure 1B) which are assigned to vibration of Si-O groups of silica. The stretching vibration peaks of C=C groups at 1637 cm −1 , C=O at 1712 cm −1 , C-H groups at 2962 cm −1 and 2856 cm −1 are also observed, respectively [32, 33] . Compared to FTIR spectrum of CSP0, these results revealed that MPS silane has been incorporated on the surface of CSPs [as depicted in Figure 2 , Eq. (2)]. In Figure 1C , all peaks are assigned to specific groups of PMMA, such as C-H stretching vibrations at 2844, 2852 and 2896 cm −1 , C=O stretch at 1731 cm are observed, which can be explained by the stronger interaction due to the formation of covalent bonding between PMMA and MCSPs as depicted in Figure 2 . The MMA monomers can react with the vinyl groups of MCSPs to form PMMA-g-SiO 2 using AIBN as an initiator. The spectrum of pure MPS shows two peaks at 6.01 and 5.65 ppm attributed to hydrogen atoms in vinyl groups and the peaks at 4.02 ppm, 3.45 ppm, 1.86 ppm, 1.65 ppm and 0.61 ppm which are assigned to O-CH 2 , O-CH 3 , -C-CH 3 , C-CH 2 -C and Si-CH 2 groups, respectively [35] .
Proton NMR study
In the spectrum of 4sPMMA, the peak at 4.09 is attributed to O-CH 2 groups of the 4-arm star initiator (4Br-PT), the three groups of peaks at 3.65 ppm, (1.87; 1.77 ppm) and (1.16; 0.94; 0.75 ppm) are attributed to O-CH 3 , -CH 2 -and C-CH 3 groups of PMMA, respectively [36] . In these spectra, the peaks at 3.30 ppm and 2.48 ppm are of residual solvents.
In a spectrum of extracted HybM3 sample called PMMA-g-SiO 2 nanocomposites (homopolymers were extracted out of the sample by using acetone as solvent), there are apparent peaks at 3.56 ppm (O-CH 3 ), 1.84; 1.77 ppm (-CH 2 -), 1.16; 0.94; 0.75 ppm (-C-CH 3 ) and 4.02 ppm (-CH 2 -O-), which is supporting evidence of the formation of PMMA-g-SiO 2 via copolymerization of MMA and vinyl groups of hydrolyzed MPS on the surface of silica particles (Figure 4 ). Table 2 displays the viscosities of the hybrid nanocomposites before and after reaction. The results showed that the viscosities of hybrid solutions before reaction were approximately equal to 32.6-32.9 cP. After reaction was completed, the viscosity of the hybrid solutions increases. For HybM0 hybrid solution, the increase of viscosity was only due to the formation of PMMA, leading to the very weak hydrogen bond interaction between CSPs and polymers. Meanwhile, the viscosity of other hybrid solutions increases with increasing MPS loading used in modification of CSPs, meaning that there is a formation of PMMA-g-SiO 2 particles, apart from the formation of PMMA homopolymer as shown in Figure 2 . Because the hydrolyzed MPS had been grafted at many sites on the surface of CSPs, when MMA monomers react with these sites of MCSPs to form polymer, the particles can be linked to each other. In other words, the more vinyl groups of MCSPs, the higher cross-linked structure of PMMA-g-SiO 2 can be formed.
Viscosity study
Morphological study
The morphology of silica particles in the HybM0 and HybM3 hybrid nanocomposites are investigated by FESEM images in Figure 5A and B. It can be found that CSPs and MCSPs disperse regularly in PMMA matrices, with nanoscale of about 20-30 nm, and maintain their spherical shapes. For the HybM0 sample, it is easy to distinguish the bare silica particles with polymer matrix by the contrasting gray color. Meanwhile, the MCSPs disperse in the HybM3 hybrid nanocomposite with less contrast color. This could be explained by the formation of PMMA layers around silica particles which reduced the difference of electron interaction between inorganic and organic phases in FESEM observation.
The dispersion morphology of MCSPs in the hybrid nanocomposites was observed with TEM image displayed in Figure 6 . The TEM image of HybM3 hybrid nanocomposite confirms that PMMA-g-SiO 2 particles are well embedded in PMMA matrices; the size of silica particles is about 20-30 nm. It can be also seen that some MCSPs are linked to each other to form clusters. However, the presence of 4sPMMA reduced the formation of big clusters because 4sPMMA chains could penetrate into the cluster during reaction. Figure 7 shows TGA diagrams of free radical polymerization PMMA (fr-PMMA), 4sPMMA and HybM3 hybrid nanocomposites, and the thermal characteristics are summarized in Table 3 . The results show that fr-PMMA degrades at considerably low temperature with onset point (T onset ) of 180°C. This is attributed to the presence of double bonds at the ends of PMMA chains synthesized by free radical polymerization [37] . The TGA curve of 4sPMMA shifts to higher temperature with higher T onset of 254°C, which may be due to 4sPMMA with mainly bromide end groups (showed in Figure 3 ). The T onset of the hybrid nanocomposites is slightly lower than that of 4sPMMA. The results indicate that thermal stability of hybrid nanocomposite is much higher than pure fr-PMMA, although it also contains fr-PMMA with theoretical amount of 21 wt.%.
Thermogravimetric analysis
Conclusions
The hybrid nanocomposites of 4sPMMA/PMMA-g-SiO 2 were synthesized by in situ solution blending. FTIR, 1 H NMR spectroscopies and viscosity measurements indicated that PMMA has been grafted on modified colloidal silica particles to form PMMA-g-SiO 2 particles. FESEM and TEM images revealed that SNPs were well dispersed in polymer matrices with size of about 20-30 nm. Thermal stability of the hybrid nanocomposites was improved compared with fr-PMMA. 
